mechanisms, including Na channels and transporters which couple Na influx to either co-or counter-transport of other ions and
solutes. Six sarcolemmal Na influx pathways are discussed in relatively quantitative terms: Na channels, Na / Ca exchange,
Na / H exchange, Na / Mg exchange, Na / HCO cotransport and Na / K / 2Cl cotransport. Under normal conditions Na / Ca exchange and Na channels are the dominant Na influx pathways, but other transporters may become increasingly important during 1 21 11 altered conditions (e.g. acidosis or cell volume stress). Mitochondria also exhibit Na / Ca antiporter and Na / H exchange activity
that are important in mitochondrial function. These coupled fluxes of Na with Ca , H and HCO make the detailed understanding of [Na ] regulation pivotal to the understanding of both cardiac excitation-contraction coupling and pH regulation. The Na / K -ATPase
is the main route for Na extrusion from cells and [Na ] is a primary regulator under physiological conditions. [Na ] is higher in rat i i 1 1 1 than rabbit ventricular myocytes and the reason appears to be higher Na influx in rat with a consequent rise in Na / K -ATPase activity 1 1 1
. General aspects of cardiac Na regulation
getically unfavorable transmembrane solute flow to Na transport (secondary active transport). Examples include
Intact cells maintain a large electrochemical [Na ] Na / neurotransmitter, Na / glucose and Na / amino acids 1 gradient across the plasma membrane. While extracellular cotransporters as well as various Na / ion co-and counter- [Na ] ( [Na ] ) is |140 mM, intracellular free [Na ] transporters. The [Na ] also plays an important role in o i 1 1 21 ( [Na ] ) is normally 4-16 mM. In excitable cells, the regulating the mitochondrial pH, [Na ] and [Ca ] , as a energy stored in the transmembrane Na gradient provides substrate for mitochondrial Na / H and Na / Ca exthe basis for fast electrical signaling, i.e. propagation of changers. action potentials in neurons and muscles. Many cells Let us consider (Fig. 1A ) the free energy of the energy from ATP is used for K pumping. At the peak of and F is Faraday's constant). For a typical [Na ] goes into pumping K in versus Na out. terms being almost equal, at 27 and 28 kJ / mol, respec-1 This Na energy gradient is used by many processes, tively). A negative value for DG means that Na entry is 21 1 21 1 including extrusion of Ca from the cell via Na / Ca energetically favored, in this case that Na ions tend to 21 exchange (NCX). Extrusion of Ca is also very uphill enter the cell. This DG is also equivalent to 2150 mV in Na energetically, with an electrochemical gradient of |41 electrical potential terms. The energy to build this potential 1 1 kJ / mol (where the chemical and electrical terms are 26 and energy gradient comes from the Na / K -ATPase, which 1 1 15 kJ / mol, respectively). Thus, it requires the energy transports 3 Na out and 2 K in for each ATP hydro- 1 1 obtained from the downhill transport of 3 mol of Na lyzed. The transport of 3 mol of Na against its electro- NCX (3 Na :1 Ca ). The NCX is relatively unique of ATP, DG , is 259 kJ. Thus, the Na / K -ATPase has ATP 1 among the Na exchangers and cotransporters in Fig. 1B a remarkable energetic efficiency of |77%. At resting E m in that it may reverse under physiological conditions. In almost all of the energy used (.95%) goes into the uphill 21 1 1 1 that case Ca entry can fuel extrusion of 3 Na . This can transport of Na , because the [K ] gradient is near its occur because NCX has a reversal potential (analogous to electrochemical equilibrium (E | 290 mV). That is, the
energies in the Na and NCX gradients can change with is involved in extruding Mg . Na entering the cells is not yet known. Four a (a -a ) and three b (b -b ) The Na / K -ATPase transports three Na ions out and
subunits of the Na / K -ATPase have been identified. The two K ions into the cell using the energy of one ATP a -a isoforms are expressed in a variety of tissues, molecule, and thus moves out one net charge per cycle. Ion
whereas the a isoform has only been detected in rat testis transport by the Na / K pump has a functional reversal 4 [20]. Any ab combination results in a functional pump. potential which depends on both intracellular and extracel-
The a isoform is present in the cardiac tissue of all lular [Na ] and [K ] , as well as the free energy of 1 species studied, but there is marked variation of a and a intracellular ATP hydrolysis (DG ). Under normal con-2 3 A T P subunit expression among species. All three a-isoforms are ditions, the reversal potential has been estimated to be 1 1 present in the human heart [21] [22] [23] , whereas a and a about 2180 mV [37] , such that Na / K pump current 1 3 1 isoforms are expressed in dog [24, 25] and ferret [26] . The (I ) and Na transport are outward over the whole pump a isoform is predominant in rabbit [11] and guinea-pig physiological range. The ATP concentration for half-maxi- ATP near the Na / K -ATPase, making the pump less directly dependent on oxidative phosphorylation [40] .
The main physiological regulators of the Na / K pump lar K , in the presence of normal external [Na ] , is 1-2 mM [41] , therefore the pump is |70% saturated with 1 respect to external K at a normal concentration of 4 mM.
1
External Na and K compete for common binding sites 1 1 to the Na / K -ATPase, therefore the K for pump activation by external K is appreciably lower in Na -free 1 conditions [43] . The absence of external Na also renders 3 . Pathways for Na influx also be present in cardiac cells [51, 52] . This persistent Na current is more sensitive to block by TTX, is activated at Voltage-gated Na channels are activated by depolarizamore prominent contribution to I in heart failure and Na tion and are responsible for the rapid upstroke of the might be partly responsible for the prolongation of the AP cardiac action potential (AP). Once threshold depolariza- [52, 53] .
1 tion for an AP is reached, the opening of Na channels As shown in Fig. 2B , there is a very small window at leads to further depolarization, which activates additional about 252 mV where both channel availability and activa- conductance within a few milliseconds or less (fast inwould be 10-30 times smaller, but would be consistent activation).
with our measurements of tetrodotoxin (TTX) sensitive
Voltage-gated Na channels are composed of a poreresting Na influx in rabbit ventricular myocytes at 23 and forming a subunit and auxiliary b subunits. Ten genes 37 8C (0.14-0.18 mM / min [5, 55] ). This would require a encoding a subunits have been identified and nine have window I of |0.01% of maximum. This and the Na been functionally expressed. The a subunit consists of four steepness of the activation and availability curves empharepeat domains (I-IV), each containing six transmembrane sizes that small shifts in activation or inactivation prop-1 segments (S1-S6) and one membrane reentrant domain, erties could lead to substantial sustained Na influx via connected by internal and external polypeptides loops [48] .
window I at relatively negative E .
Na m
The S4 segments contain four to eight positively charged During the cardiac AP upstroke I is very large, but Na 1 residues, which serve as voltage sensors. An outward very brief. This results in an additional Na influx movement of these charges under depolarization underlies associated with each AP. by the short intracellular loop connecting domains III and tively. Fig. 3D indicates that |8 mM Na enters the cell IV. One a subunit is associated with one or two auxiliary b via I during each AP (6-15 mM is probably a reasonable Na subunits, b1, b2 or b3. These auxiliary subunits modulate range). For a cell contracting at 1 Hz, this means that 1 channel gating, interact with extracellular matrix and play phasic Na channel activation contributes |0.5 mM / min 1 a role as cell adhesion molecules [50] . The primary cardiac to the rate of Na influx. This is surprisingly only about a a subunit isoform (Na 1.5) is much less sensitive to 3-fold increase over the resting I influx.
v Na inhibition by TTX (K |2 mM) and is more sensitive to
Cd block than neuronal or skeletal muscle Na chan-3 .2. Na /Ca exchange nels.
Fig . 2B shows the E -dependence of Na channels Na / Ca exchange is the major pathway for Ca m activation and availability (or steady-state inactivation). I extrusion from cardiac myocytes. The mammalian NCX Na activation and availability curves overlap such that there is forms a multigene family of homologous proteins comprisalmost no steady state availability when E is held at ing three isoforms: NCX1, NCX2 and NCX3 (for reviews, m values where activation is appreciable. This ensures that see Refs. [56] [57] [58] ). These isoforms share |70% amino 1 activated Na channels inactivate nearly completely whenacid identity in the overall sequences and thus presumably 1 ever activated by depolarization. Na channels require have a very similar molecular structure. NCX1 is the first repolarization to recover from inactivation before another NCX cloned and is highly expressed in cardiac muscle and AP can occur. This is a main cause of the electrical brain and to a lesser extent in many other tissues. NCX2 refractory period. Recovery of I requires that the memand NCX3 are expressed in a few tissues, such as brain, Na brane be repolarized to near the diastolic level for a finite but their molecular properties and functions have been less period of time (t |10 ms at 2100 mV, 30 ms at 280 mV well studied. or 100 ms at 272 mV) before the cell is able to fire
The cardiac NCX1 consists of 970 amino acids (110 1 another AP. Thus Na channels do not recover very kDa). Approximately half of the NCX1 protein constitutes rapidly until repolarization is nearly complete. In this way transmembrane domains, whereas the remaining half the long AP contributes to limiting the ability of the cell to (|550 amino acids) forms a large domain exposed on the respond to an early depolarization. Besides these fast cytoplasm. The latter domain does not appear to be gradient (for three Na ions) than in the inward Ca 21 21 gradient (for one Ca ion), Ca extrusion will be favored. That is: will work in Ca extrusion / Na influx mode in resting myocytes. During the action potential, NCX briefly works 21 1 in Ca entry / Na exit mode, i.e. E .E (see Fig. 3C m N a/C a and discussion below). [59] . There were originally thought to be 11 transmem- 21 21 dynamic [Ca ] changes. This allosteric Ca -activation brane domains and a very large cytoplasmic hydrophilic i was rapid (within tens of ms) and so it is probably domain [60] . However, new topological data suggest that important physiologically during beat-to-beat changes in there are only nine transmembrane spans [61] and a large 21 cellular Ca . There is also an inhibitory regulation at high hydrophilic loop between TMs 5 and 6, with N-and [Na ] [67] . NCX inactivates in a time and [Na ] -depen-C-termini located on the external and internal sides, i i 1 dent manner. This [Na ] -dependent inactivation could respectively. The N-terminal and C-terminal halves of the i 21 21 membrane domain contain two internal repeat sequences of prevent excess Ca influx and cellular Ca overload 1 21 |40 amino acids, which are designated the a and a under conditions of high [Na ] , where net Ca influx
repeats. These repeat sequences are conserved in all might be strongly favored. However, the very high [Na ] i 1 members of the NCX family as well as in related cation required to observe Na -dependent inactivation of I NCX exchangers, and are now thought to be at or near the ion makes this regulation unlikely to be very important in the translocation pore. Many details of the NCX1 structure are physiological modulation of NCX. unknown, including the ion transport pathway, the require-NCX exhibits relatively low activity in intact myocytes 21 1 ment of the oligomeric protein structure for the function, at rest (partly because [Ca ] is low). Therefore, Na i and changes in the conformation of the exchanger associinflux via NCX is rather low in quiescent cells. We 1 measured the rate of Ni-sensitive [Na ] influx upon the same order of magnitude [70] . Of course NCX uses the the order of estimates of resting Ca leak into ventricular current upon [Na ] removal is higher in rat than rabbit o myocytes (0.5-5 mM / s; [68] [69] [70] ). There is also a sar- [71] , so if that holds for inward NCX current as well that 21 21 colemmal Ca -ATPase, and it is reasonable to infer that may provide a partial explanation. Ca leak into rat 21 21 resting Ca extrusion (to match this inward resting Ca myocytes might also be higher (which would require more 21 1 21 leak) via NCX and the sarcolemmal Ca -ATPase are on Na influx via NCX). Resting SR Ca spark frequency is also higher in rat versus rabbit [72] , and the resulting high NCX brings in |32 mM [Na ] . Again, this Na influx is i 21 required to extrude the |10 mM Ca which enters the cell 21 121 via Ca current during each AP (on a 3 Na :1 Ca NCX). For a cell contracting at 1 Hz, this means that NCX 1 contributes |1.9 mM / min to the rate of Na influx (about 1 seven times higher than the resting Na influx rate via and 4 also show that, quantitatively, Na influx via NCX is considerably higher (three to four times) than that which 1 occurs via Na channels.
As mentioned above, NCX is reversible and can also be 1 a Na extrusion mechanism (using the large energy in the 21 Ca electrochemical gradient). However, this is unlikely to be a quantitatively important function under normal conditions. This can be appreciated by Fig. 3C where only 1 a very small Na efflux occurs very early during the AP. This situation can change during heart failure where lower 21 1 Ca transient amplitude, higher [Na ] and prolonged AP as a proton extruder in a 1 Na :1 H stoichiometry rendering the process electroneutral. There are at least six NHE isoforms thus far identified, with the NHE1-NHE5 apparently restricted to the plasma membrane whereas NHE6 might be the mitochondrial isoform [74] (but see Ref.
Na / H exchanger (NHE), which is important in the
[75]). NHE1, the so-called housekeeping isoform, is ubiquitously distributed in most tissues and is the primary NHE subtype found in mammalian cardiac cells [76, 77] . NHE1 is a 110-kDa glycoprotein and consists of two principal domains: a 500-amino acid transmembrane domain and a 315-amino acid highly hydrophilic carboxylterminus cytoplasmic domain (for a review, see Ref.
[76]). NHE1 contains 12 membrane-spanning regions that are critical for the maintenance of NHE1 function in terms of proton extrusion. The hydrophilic cytoplasmic region plays an important role in modulation of the exchanger, especially through phosphorylation-dependent reactions [78] . It has recently been suggested that NHE1 is localized primarily in the intercalated disk region of atrial and ventricular myocytes in close proximity to connexin 43, and, to a lesser degree, at the transverse tubular systems [79] . Such NHE1 localization could make NHE especially important in modulating cell-to-cell communication via gap junctions, and local signaling in T-tubules (although there is little functional data in this regard).
1
NHE activity is extremely sensitive to pH . The ex- [80] . At physiological pH (7.0-7.2) the changer is allosterically activated by cytosolic protons, a 1 contribution of these transporters to Na influx is comparable ( Fig. 2A) .
drop in pH below a threshold level promoting the rapid in guinea-pig ventricular myocytes [80] . NHE is nearly TTX-, Hoe-642-and Ni -sensitive Na influx was calculated as the difference between the total influx and the influx measured in the inactive at a physiological pH of |7.2, but it activates quickly when pH decreases. NHE activity in the heart i seems to be species dependent, with a higher activity (determined as the rate of acid efflux at pH 6.9) in rat (2.8 tive agent with respect to reperfusion injury [84, 85] . While i mM / min) versus human (1.1 mM / min) or guinea-pig the events surrounding ischemia / reperfusion are complex (0.93 mM / min) ventricular myocytes [80, 81] . We also and incompletely understood, it seems likely that NHE and 1 found that at physiological pH (and 23 8C) the rate of Na NCX are importantly involved. Na can also affect NHE, it is unlikely to be a major 1 2 regulator within a physiological range (4-16 mM) of Na / HCO cotransport (NBC) also serves as an acid
. Proton extrusion through NHE is also inextruder in cardiac myocytes (Na and HCO influx). thermodynamic effect (i.e. reducing the [H ] gradient for salamander [86] , where it mediates Na and HCO efflux 3 proton extrusion), it may also be due to a competition of across the basolateral membrane. Functionally related
H with Na for binding to the external transport site of cotransporters, which mediate both HCO influx and 3 the exchanger [82] . The inhibition of NHE by extracellular efflux, have now been described in many tissues, including acidosis may limit proton extrusion during ischemia, and the heart (reviewed in Ref. [87] ). Cardiac NBC was relief of this inhibition upon reperfusion may contribute to originally suggested to have a stoichiometry ranging 1 a rapid activation of proton extrusion and Na entry [83] . Reports in cat papillary muscle [90] and rat ventricular accounts for 17% of the resting Na influx [97] . Na / K / 21 The concentration of free Mg in the cytoplasm present in the human heart at the mRNA level. However, 21 ([Mg ] , 0.5-1 mM) is several hundred times lower than i the molecular identity of NBCs that mediate acid extrusion 21 expected if Mg ions were at electrochemical equilibin heart cells from different species is not known. NBC is 21 rium. Since Mg is a permeant ion across the plasgenerally inhibited by stilbenes (DIDS and SITS), almalemma, it must be constantly extruded from the cells. though the electroneutral isoform NBCn1 cloned from rat 21 The main mechanism that removes Mg from the cells is aorta is only very weakly inhibited by DIDS [95] . 1 21 the Na / Mg antiporter. However, its presence in the Leem et al. [80] measured the pH -dependence of NBC i heart is controversial. Some studies reported the functional activity in guinea-pig ventricular myocytes and found that 1 21 presence of Na / Mg exchange in guinea-pig and ferret NBC activates roughly linearly with decreasing pH . i ventricle [102] whereas others found no evidence for it in Whether or not allosteric stimulation is involved is not guinea-pig [103] and chicken heart [104] . Such studies are 1 known. Fig. 5 shows the pH -dependence of Na influx The Na / K / 2Cl cotransporter (NKCC) was first 21 mM. This Mg efflux was completely inhibited by detected in Ehrlich ascites tumor cells [96] . Since then, the 1 withdrawal of extracellular Na and was largely attenuated cotransporter has been found in a variety of tissues, 1 21 by imipramine, a known inhibitor of Na / Mg exchange. including the heart [97] [98] [99] . Two NKCC isoforms have 1 21 At 140 mM external Na , the rate of Mg transport been cloned: NKCC1, found in the membrane of a variety 21 through the exchanger was 25-50 mM / min. Mg transof cell types, and NKCC2, identified thus far only in the 1 port depended on [Na ] according to a Hill-type curve, o medullary regions of the kidney [99] . NKCC is inhibited with the mid-point at |80 mM and a Hill coefficient of 2. by loop diuretics, such as furosemide and bumetanide. In This suggests that the exchanger has a stoichiometry of 2
all tissues investigated, Na / K / 2Cl cotransport is 1 21 Na :1 Mg and therefore is electroneutral. A more electroneutral, with a stoichiometry of 1:1:2 and with an There may also be other Na flux pathways that we cotransporter are 59 and 40 mM, respectively [97] . Net 1 have not discussed (e.g. background Na channels), but we transport may occur into or out of the cells, the magnitude feel that these are likely to be minor quantitatively. We can and direction of this transport being determined by the sum 1 account for most of the measured Na fluxes by the of the chemical potential gradients of the transported ions. mechanisms mentioned above (Fig. 4) . In physiological conditions, Na / K / 2Cl cotransport is [Cl ] in HEK-293 cells transfected with human NKCC1. At steady state, Na influx and efflux must be equal.
In chick cardiac cells, the Na / K / 2Cl cotransporter Fig. 4A shows the rate of resting Na influx through the pathways discussed above. The values are based in part on (see below). It will be valuable for additional quantitative our measurements in rabbit ventricular myocytes [5] and data to be measured for these estimates to be further 1 some extrapolations from guinea-pig data [80, 102] and refined. In conclusion, while the various Na influx correspond to mammalian species with lower resting pathways differ little at rest with only NCX being much 1 1 mM / min [5] . Fig. 2A indicates that the Na / K pump 1 1 will extrude this amount of Na if resting [Na ] (Fig. 5A) , especially when pH is relatively normal. Thus, resting Na influx to be 2.4 times higher in rat versus
resting Na influx is enhanced during acidosis. Na influx. Furthermore, the Na / K pump is partially (and possibly Na / K -ATPase expression) until a new inhibited at low pH [111] . These two factors lead to an steady state balance is achieved at higher levels of both i 1 1 increase in [Na ] [112] , which may contribute to the slow Na influx and efflux. This scenario might also hold for i 1 recovery of contractility via a shift in NCX and increase in other species where [Na ] is high (where mouse is like i 21 1
[Ca ] . NCX is also inhibited by low pH [113] . This may rat) and where [Na ] Na / K pump and this would occur at |11 mM [Na ] However, when anoxia or acidosis (pH 6.85) was coupled i 1 1 1
( Fig. 2A) . This is higher than the [Na ] we measure in with high [K ] (10 mM) to simulate ischemia, the Na could reflect restricted subsarcolemmal diffusion of Na not by TTX. It is unclear why Na channel influx would 1 1 occur in the cases with normal [K ] (while cells are [Na ] regulation is unclear. While in heart, mitochondria o i quiescent), but anoxia and ischemic metabolites have been occupy |35% of the total cell volume it should be kept in 1 shown to produce persistent Na channel opening in mind that mitochondria are a totally intracellular compartventricular myocytes [115, 116] . Since depolarization prement and as such are a limited source or sink. However,
vented the TTX-sensitive Na gain, it is possible that since [Na ] rises with [Na ] , Na entry into mito-
anoxia allows a tiny window I at resting E , but chondria may serve as a buffer for [Na ] , and could limit used electron probe microanalysis to measure [Na ] in a dependence of this Na / Ca antiporter is sigmoidal with 1 volume within 20 nm of the inner side of the sarcolemma half-maximal activity at |5-8 mM Na , making this 1 1 of guinea-pig ventricular myocytes. [Na ] increased up system sensitive to physiological [Na ] This was interpreted as a prevention of Na extrusion in the [Na ] gradient across the mitochondrial inner mem-1 the SR junctional cleft allowing local cleft [Na ] to rise brane depends on the energetic state of the mitochondria sm 1 21 1 1 [126] . In isolated mitochondria, the Na gradient was and favor Ca entry via NCX. Abrupt Na / K pump 1 equal to the electrochemical H gradient over a wide range inhibition was also shown to slow the decline of caffeine- 1 21 of external [Na ] and changed rapidly in response to induced Ca transients and I [132] . Goldhaber et al.
changes in matrix pH [126] , suggesting that Na dis- [138] also found that abrupt removal of [Na ] caused an o 21 tribution across the inner mitochondrial membrane is increase in resting Ca spark frequency, and they attribu- 
